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PREFACE 
The IIASA Energy Program i s  s tudy ing  g l o b a l  a s p e c t s  o f  
energy systems i n  terms of  r e s o u r c e s ,  demands, o p t i o n s ,  s t r a t e -  
g i e s ,  and c o n s t r a i n t s .  One c o n s t r a i n t  on any energy sys tem i s  
r e p r e s e n t e d  by i t s  impact  on  c l i m a t e .  
P a r t  I by Will iams e t  a l . ,  (1977) of  t h i s  series o f  Research 
Memoranda on t h e  impact  o f  was te  h e a t  r e l e a s e  on s imu la t ed  g l o b a l  
c l i m a t e  fo l lowed t h e  l i n e s  o f  RbI-76-79 by Murphy e t  a l .  ( 1  976).  
They d e s c r i b e  some r e s u l t s  o f  t h r e e  exper iments  w i t h  a numerical  
model o f  c l i m a t e .  These exper iments  were set up t o  i n v e s t i g a t e  
t h e  p o s s i b l e  impact  o f  was te  h e a t  r e l e a s e  from l a r g e - s c a l e  
energy pa rks  on the s imu la t ed  a tmospher ic  c i r c u l a t i o n .  T h i s  
p a r t  11 d e s c r i b e s  a f o u r t h  exper iment  made w i t h  t h e  s a m e  model, 
and compares t h e  r e s u l t s  w i t h  t h o s e  o f  t h e  f i r s t  t h r e e  
exper iments .  
I n  a d d i t i o n ,  t h e  a n a l y s i s  of  a l l  f o u r  energy p a r k s  e x p e r i -  
ments w a s  extended by l ook ing  a t  t h r e e  more c l i m a t e  v a r i a b l e s  
and a l s o  by u s i n g  some f u r t h e r  methods. 
With r e g a r d  t o  t h e  impact  of  energy sys tems on c l i m a t e ,  
t h e r e  a r e  o f  cou r se  s t i l l  q u e s t i o n s  t o  be examined, and t h e r e  w i l l  
be more exper iments  and c a s e  s t u d i e s  t o  con t inue  t h i s  work. 
T h i s  r e s e a r c h  i s  p a r t  of  t h e  j o i n t  United Nat ions  
Environment Program (UNEP)/TIASA p r o j e c t  on Energy and Cl imate  
and has  been suppor ted  by t h e  Meteoro log ica l  O f f i c e ,  UK and t h e  
Kernforschungszentrum Kar l s ruhe  GmbH, FRG. 
(iii) 

The g e n e r a l  c i r c u l a t i o n  model (GCM) of  t h e  M e t e o r o l o g i c a l  
O f f i c e ,  UK ( U K M O ) ,  has  been used t o  i n v e s t i g a t e  t h e  impact  o f  an 
i n p u t  o f  was te  h e a t  (1  . 5  x  1014 W e q u a l l y  d i v i d e d  between two 
ene rgy  p a r k s )  i n t o  t h e  atmosphere.  Th i s  experiment  i s  t h e  f o u r t h  
o f  a  series o f  expe r imen t s  made t o  i n v e s t i g a t e  t h e  b e h a v i o r  o f  
t h e  s i m u l a t e d  c i r c u l a t i o n  w i t h  d i f f e r e n t  s c e n a r i o s  and ene rgy  
r e l e a s e s .  The r e s u l t s  o f  t h i s  exper iment  have been  compared 
w i t n  t h o s e  o f  t h r e e  e a r l i e r  expe r imen t s  d e s c r i b e d  i n  Murphy e t  
a l .  (1976) and Wil l iams  e t  a l .  ( 1 9 7 7 ) .  
Although t h e  t o t a l  h e a t  i n p u t  was t h e  same a s  i n  a  p r e v i o u s  
expe r imen t ,  t h e  d i f f e r e n t  l o c a t i o n s  of  t h e  h e a t  i s l a n d s  caused  
a d i f f e r e n t  r e sponse  i n  t h e  v a r i o u s  c l i m a t i c  v a r i a b l e s .  I t  a l s o  
can  be s a i d  t h a t  EX04,  i n  g e n e r a l ,  produced s m a l l e r  changes  t h a n  
t h e  p r e v i o u s  expe r imen t s .  They a r e ,  however, s t i l l  s i g n i f i c a n t .  
Temperature  and wind a t  a l e v e l  0.5 have been c o n s i d e r e d  
f o r  a l l  expe r imen t s  a s  t h i s  h a s  n o t  p r e v i o u s l y  been done f o r  any 
o f  t h e  expe r imen t s .  
F i n a l l y ,  a  new a t t e m p t  h a s  been under taken  t o  a s s e s s  t h e  
model v a r i a b i l i t y  by u s i n g  10-day means i n s t e a d  o f  40-day means 
f o r  c a l c u l a t i n g  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  c o n t r o l  c a s e s .  
The s i g n a l - t o - n o i s e  r a t i o s  have been r e c a l c u l a t e d ,  and a  much 
smoother d i s t r i b u t i o n  h a s  been o b t a i n e d .  
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Further Studies of the Im~act of Waste Heat Release 
on Simulated Global Climate 
Part I1 
1. INTRODUCTION 
This paper is a further installment in a series of documents 
describing the IIASA Energy Program study at the possible impacts 
of energy systems on climate. The study involves a comparison 
of the various energy options (fossil fuel, nuclear, and solar) 
in terms of their different influences on climate in the medium- 
and long-term future. 
The first step of this research has been to explore the 
possible climatic effects resulting from the existence of ocean 
energy parks, from which large amounts of waste heat from power 
stations would be released into the atmosphere and ocean. An 
agreement was reached between the International Institute for 
Applied Systems Analysis (IIASA) and the Meteorological Office, 
UK (herein referred to as UKMO), that the model of the atmos- 
pheric general circulation developed at the UKMO would be used 
in these studies. 
Two IIASA Research Memoranda (RM-76-79, Murphy et al., 1946; 
and RM-77-15, Williams et al., 1977) described the setting up 
and running of the first three experiments and some of the 
results. Basically, the energy was released into the atmosphere 
from one or two small energy parks and the experiments were 
conducted to study the model's behavior with different park 
locations. 
The use of numerical models to simulate climate and inves- 
tigate its sensitivity to different perturbations has been 
described, for example, by Smagorinsky (1974), Schneider and 
Dickinson (1974) and Williams (1977). Basically, the atmospheric 
general circulation model solves a set of equations governing 
the thermodynamical and dynamical state of the atmosphere (to- 
gether with other equations of state and conservation laws) on 
a set of grid points which, in the case of the model that we 
are using, covers the northern hemisphere. 
It is found that when the equations are solved with boun- 
dary conditions representing, for example, January of the present 
day, the model quite realistically reproduces the basic features 
of the earth's climate. It is recognized that atmospheric GCMs have 
shortcomings. In particular, the absence of a joint atmosphere- 
ocean system, poor treatment of clouds and hydrological processes 
and of many sub-grid scale processes have been noted. Despite 
these shortcomings, models of the atmospheric general circulation 
are used to study the impacts of factors such as sea-surface 
temperature anomalies, increased atmospheric carbon dioxide, and 
waste heat upon the simulated climate, since the models still 
represent the best tool available for studying the climate system 
and mechanisms. In particular, the sensitivity experiments may 
indicate the changes to be expected even if the basic state is 
not simulated perfectly. 
In this paper the results of a fourth energy parks experiment 
are described and compared with those of the earlier experiments. 
In addition, the analysis of all four experiments will be conti- 
nued by looking at wind and temperature fields at a-level 0.5. 
Finally, the model variability is discussed and a new estimate 
for the significance of the results is given. 
2. EXPERIMENT 04 
2.1 The Scenario for Experiment 04 
The IIASA-UKMO experiments (Murphy et al., 1976; Williams 
et al., 1 9 7 7 )  were designed to study the impact of ocean energy 
parks on simulated climate. The concept of large-scale nuclear 
energy parks determined the scenarios selected for the experiments. 
If each park is designated with a letter, then in the four 
energy parks experiments three parks with the following locations 
have been used : 
Figure  1 shows t h e  l o c a t i o n s .  I n  EXOl t h e  impact of  a  
combination of  p a r k s  A and C was i n v e s t i g a t e d ;  i . e .  one park  
i n  t h e  m i d l a t i t u d e  A t l a n t i c  and one i n  t h e  m i d l a t i t u d e  P a c i f i c .  
F igure  1 .  L o c a t i ~ n s  of t n e  t h r e e  energy parks .  
A t  each pa rk  t h e  h e a t  i n p u t  was 1 . 5 ~ 1  014 W ,  which gave a  t o t a l  
n e a t  i n p u t ,  t h e r e f o r e ,  o f  3 . 0 ~ 1  014 W .  
I n  EX02 t h e  impact of  a  combination o f  p a r k s  B and C was 
i n v e s t i g a t e d ;  i . e .  t h e  same park i n  t h e  P a c i f i c  Ocean a s  i n  
EXOl b u t  w i t h  a  t r o p i c a l  A t l a n t i c  park .  A t  each park  t h e  h e a t  
i n p u t  was a g a i n  1  .5x1014 W ,  g i v i n g  t h e  same t o t a l  h e a t  i n p u t  a s  
i n  EXO 1 . 
I n  EX04 t h e  impact of  pa rks  A and C was a g a i n  s t u d i e d ,  i .e .  
t n e  pa rks  w e r e  i n  t h e  same l o c a t i o n  a s  i n  EXO1. The h e a t  i n p u t  
a t  each park was 0.75x1014 W ,  h a l f  a s  mucn a s  i n  EXOl. 
A s  poin ted  o u t  by Murphy e t  a l .  (1976) ,  t h e  energy p a r k s  
cannot  be s imula ted  i n  a  completely r e a l i s t i c  way because t h e  
r e a l  a r e a  o f  such a  park i s  t o o  smal l  t o  be p r o p e r l y  r e p r e s e n t e d  
w i t h i n  t h e  g r i d  s t r u c t u r e  o f  t h e  model, and because a  r e a l i s t i c  
s c e n a r i o  would invo lve  t h e  spread o f  h e a t  by ocean c u r r e n t s  and,  
t h e r e f o r e ,  would r e q u i r e  a  l i n k e d  atmosphere-ocean model. W e  
t h e r e f o r e  made t h e  a r e a  of  each park equa l  t o  f o u r  g r i d  boxes 
i n  t h e  model. 
I n  experiments  EX01 t o  EX04 t h e  waste h e a t  was i n s e r t e d  
d i r e c t l y  i n t o  t h e  atmosphere i n  s e n s i b l e  form, by adding 275 ~ m - ~  
(137 , s  W m-2 i n  EX04) t o  t h e  s e n s i b l e  h e a t  exchange r o u t i n e  o f  
t h e  model a t  t h e  f o u r  g r i d  p o i n t s  w i t h i n  each park .  
2.2 R e s u l t s  o f  E x ~ e r i m e n t  04 
I n  a d d i t i o n  t o  t h e  energy parks  exper iments ,  t h r e e  c o n t r o l  
c a s e s ,  run w i t i l  t h e  same model, a r e  a v a i l a b l e .  These c o n t r o l  
c a s e s  s i m u l a t e  January  c l i m a t e  wi thou t  any imposed p e r t u r b a t i o n  
and d i f f e r  from each o t h e r  because of t h e  a d d i t i o n  o f  random 
d i f f e r e n c e s  i n  t h e  i n i t i a l  c o n d i t i o n s .  
F i g u r e  2 shows t h e  d i f f e r e n c e s  i n  40-day mean (days  41 t o  
80) s u r f a c e  p r e s s u r e  between EX04 and t h e  average  o f  t h e  t h r e e  
c o n t r o l  c a s e s .  Over b o t h  o f  t h e  energy parks  t h e r e  was a  smal l  
s u r f a c e  p r e s s u r e  d e c r e a s e  (4mb o v e r  A t l a n t i c  park and 3mb over  
P a c i f i c  p a r k ) .  I n  EX01 t h e  pa rks  exper ienced o p p o s i t e  p r e s s u r e  
changes,  wi th  t h e  A t l a n t i c  park  having a  12mb p r e s s u r e  i n c r e a s e  
and t h e  P a c i f i c  park a  6 t o  8mb decrease .  The response  o v e r  
t h e  pa rks  i n  t h e  s u r f a c e  p r e s s u r e  f i e l d  i s  t h e r e f o r e  o f  d i f f e r e n t  
magnitude and,  i n  one  c a s e ,  s i g n  when t h e  energy i n p u t  i s  halved.  
F igure  2 .  The d i f f e r e n c e s  i n  4U-day s u r f a c e  p r e s s u r e  between 
EX04 and t h e  average  of t h e  t h r e e  c o n t r o l  experiments  
( c o n t o u r s  a t  every- .4 M B ) .  
Elsewhere o v e r  t h e  hemisphere t h e  s u r f a c e  p r e s s u r e  changes 
a r e  s m a l l e r  t h a n  t h o s e  found i n  EX01. The l a r g e s t  changes a r e  
t h e  p r e s s u r e  i n c r e a s e s  o v e r  Europe (+lOmb) and t h e  e a s t e r n  
~ a n a d i a n  A r c t i c  (+13mb). p a r t i c u l a r l y  n o t i c e a b l e  i s  t h e  absence 
o f  a  l a r g e  s u r f a c e  p r e s s u r e  response  o v e r  S i b e r i a  ( o n l y  -7mb 
i n  EX04) compared w i t h  l a r g e  r e s p o n s e s  i n  p r e v i o u s  expe r imen t s .  
A s  i n  t h e  e a r l i e r  exper iments  t h e  p r e s s u r e  changes a r e  c0nfine.d 
t o  middle  and h i g h  l a t i t u d e s .  
F i g u r e  3  i l l u s t r a t e s  t h e  d i f f e r e n c e s  i n  t h e  40-day mean 
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  between EX01 and EXO4. The 
c o n t o u r s  on t h i s  map c l o s e l y  resemble  t h o s e  o f  t h e  s u r f a c e  
p r e s s u r e  d i f f e r e n c e s  between EX01 and t h e  c o n t r o l  c a s e s  (see 
Furphy e t  a l . ,  1976, F igu re  8a )  because  t h e  changes i n  EX01 w e r e  
l a r g e  compared w i t h  t h o s e  i n  EX04. I t  may be observed  from 
F i g u r e  3  t h a t  t h e  r e sponse  o v e r  t h e  European, S i b e r i a n  and  
Canadian A r c t i c  a r e a s  was d i f f e r e n t  i n  t h e  two expe r imen t s .  
F i g u r e  -3.  Tne d i f f e r e n c e s  i n  40-day s u r f  a c e  p r e s s u r e  between 
EX01 and EX04 ( c o n t o u r s  a t  eve ry  4 MB).  
Comparison of  t h e  s u r f a c e  p r e s s u r e  changes i n  Ex04 w i t h  
t h o s e  i n  EX03 ( n o t  i l l u s t r a t e d  h e r e )  (see Will iams e t  a l . ,  1977, 
F i g u r e  2 )  snows t h a t  t h e r e  a r e  d i f f e r e n t  r e s p o n s e s  depending  on  
whether  t h e  n e a t  ( 1 .5x1 014 W )  i s  p u t  i n t o  t h e  atmosphere i n  one 
(EX03) o r  two (EX04) ene rgy  pa rks .  The s u r f a c e  p r e s s u r e  change 
i n  Lurope was n e g a t i v e  ( -1  lmb) and v e r y  l a r g e  and p o s i t i v e  
(+29mb) o v e r  S i b e r i a  i n  EX03. I n  g e n e r a l  t h e  magnitude o f  t h e  
changes i n  EX03 were l a r g e r  t h a n  t h o s e  i n  EX04. 
The r a t i o  o f  t h e  s u r f a c e  p r e s s u r e  d i f f e r e n c e s  between EX04 
and t h e  t h r e e  c o n t r o l s  t o  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  s u r f a c e  
p r e s s u r e  i n  t h e  t h r e e  c o n t r o l s  i s  i l l u s t r a t e d  i n  F i g u r e  4 .  A s  
e x p l a i n e d  e l sewhere  (T~Iurphy e t  a l . ,  1976; Wil l iams e t  a l . ,  1977) ,  
Figure  4 .  The r a t i o  of t h e  d i f f e r e n c e s  i n  s u r f a c e  p r e s s u r e  i n  
~ X 0 4  t o  t h e  s t a n d a r d  d e v i a t i o n  of t h a t  v a r i a b l e  i n  
t h e  t h r e e  c o n t r o l  .exper iments  (contour  i n t e r v a l  4 u n i t s )  . 
t h e  v a l u e s  o f  t h i s  r a t i o  g r e a t e r  than  about  5 i n d i c a t e  a  95 p e r  
c e n t  p r o b a b i l i t y  t h a t  t h e  n u l l  hypo thes i s  t h a t  no s i g n i f i c a n t  
change occured  i n  t h e  model 's  January s u r f a c e  p r e s s u r e  f i e l d  
due t o  t h e  energy p a r k s  can be r e j e c t e d .  A s  f a r  a s  t h e  s u r f a c e  
p r e s s u r e  f i e l d  i s  concerned,  t h e  v a l u e s  o f  t h e  r a t i o  sugges t  
t h a t  s i g n i f i c a n t  changes occured o v e r  Europe, t h e  Mediterranean,  
t h e  A t l a n t i c  s o u t h  o f  Greenland, p o s s i b l y  o f f  t h e  nor thwest  c o a s t  
o f  North America, and n o r t h e a s t  o f  I n d i a .  I n  c o n t r a s t  t o  t h e  
v a l u e s  o f  t h e  r a t i o  f o r  EX01 (see Murphy e t  a l . ,  1976, F igure  
1  l a )  , no l a r g e  v a l u e s  o f  t h e  r a t i o  a r e  found o v e r  t h e  energy 
p a r k s  themselves  i n  EX04 ,  b u t  q u i t e  widespread l a r g e  v a l u e s  of  
t h e  r a t i o  a r e  found e lsewhere  i n  t h e  hemisphere. 
The d i f f e r e n c e s  i n  tempera ture  a t  a = 0.9 between EX04 and 
t h e  average  o f  t h e  c o n t r o l s  a r e  shown i n  F i g u r e  5. A s  i n  t h e  
e a r l i e r  exper iments  t h e  tempera ture  i n c r e a s e d  over  t h e  energy 
p a r k s ,  b u t  i n  EX04 t h i s  i n c r e a s e  was less t h a n  2 ' ~ ,  compared 
wi th  i n c r e a s e s  o f  5 ' ~  i n EX01 and EX02 and 3 ' ~  i n  EX03. Imme- 
d i a t e l y  on t h e  downstream s i d e  o f  t h e  A t l a n t i c  pa rk  i n  EX04 i s  
a n  a r e a  o f  t e m p e r a t u r e  d e c r e a s e ,  b u t  e lsewhere  o v e r  Europe and 
Asia  t h e  t empera tu re  changes a r e  smal l .   his a g a i n  c o n t r a s t s  
w i t h  t h e  d i f f e r e n c e s  found i n  EX01 (Murphy e t  a l . ,  1976, ~ i g u r e  
9a)  where l a r g e  changes occured o v e r  wes te rn  S i b e r i a  and t h e  
F i g u r e  5 .  Tne d i f f e r e n c e s  i n  40-day mean t empera tu re  ( ' c )  i n  
t h e  lowes t  l a y e r  o f  t h e  model between hXO4 and t h e  
ave rage  o f  t h e  t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r s  
a t  e v e r y  4 ' ~ ) .  
USSR. The o n l y  o t h e r  l a r g e  t empera tu re  changes i n  EX04 a r e  o v e r  
I n d o n e s i a  and Labrador .  The i n c r e a s e  i n  t empera tu re  o v e r  Labrador  
c a n  be r e l a t e d  t o  t h e  i n c r e a s e d  f low o f  a i r  from t h e  A t l a n t i c  
a s  shown i n  t h e  s u r f a c e  p r e s s u r e  changes ,  w h i l e  t h e  d e c r e a s e  i n  
t e m p e r a t u r e  o v e r  n o r t h e r n  Europe can  be  r e l a t e d  t o  t h e  i n c r e a s e d  
e a s t e r l y  f low o f f  t h e  c o n t i n e n t  shown i n  t h e  s u r f a c e  p r e s s u r e  
changes .  S i n c e  no l a r g e  s u r f a c e  p r e s s u r e  changes o c c u r r e d  o v e r  
S i b e r i a  a s  t hey  d i d  i n  E X O 1 ,  one  would n o t  e x p e c t  t o  f i n d  l a r g e  
t e m p e r a t u r e  changes  t h e r e .  
The d i f f e r e n c e s  between EX01 and EX04 f o r  t h e  t e m p e r a t u r e  
a t  a = 0.9 are shown i n  F i g u r e  6 .  There a r e  t h r e e  l a r g e  a r e a s  
o v e r  which t h e  t e m p e r a t u r e  d i f f e r e n c e s  between t h e  expe r imen t s  
are l a r g e l y  d i f f e r e n t :  ~ u r a s i a ,  Kamchatka and Alaska,  and North 
America. That  i s ,  i n  g e n e r a l  t h e  t empera tu re  changes  o v e r  t h e  
ocean  a r e a s  w e r e  s i m i l a r  i n  t h e  two exper iments  b u t  d i f f e r e d  o v e r  
c o n t i n e n t a l  a r e a s .  It must b e  emphasized t h a t  EX01 and EX04 
d i d  n o t  d i f f e r  i n  t h e  same d i r e c t i o n  o v e r  a l l  c o n t i n e n t a l  a r e a s :  
i n  ZXO1 E u r a s i a  was warmer (by  up t o  1 1 ' ~ )  t h a n  EX04, w h i l e  North 
America was c o o l e r  (by  up t o  1 4 ' ~ ) .  This  i l l u s t r a t e s  t h e  non- 
l i n e a r i t y  o f  t h e  model r e s p o n s e  t o  t h e  h e a t  i n p u t .  When t h e  h e a t  
Figure  b .  Tne d i f f e r e n c e s  i n  40-day mean tempera ture  i n  t h e  
lowest  l a y e r  o f  t h e  model between EX01 and EX04 
( c o n t o u r s  a t  eve ry  4 ' ~ ) .  
i n p u t  i s  halved t h e  t empera tu res  i n  t h e  lower atmosphere o f  t h e  
model do n o t  respond i n  t h e  same way a s  t h e y  d i d  i n  E X O 1 .  
Likewise,  d i f f e r e n c e s  between EX03 and EX04 f o r  t h e  tempe- 
r a t u r e  a t  o = 0.9 show t h a t  t h e  l o c a t i o n  o f  t h e  h e a t  i n p u t  i s  
of importance t o  t h e  response  of  t h e  v a r i a b l e .  I n  EX03 t h e  
t empera tu re  d e c r e a s e  on t h e  downstream s i d e  of t h e  A t l a n t i c  
energy park was f u r t h e r  n o r t h  t h a n  t h a t  i n  EXO4; o v e r  t h e  rest 
of Asia t h e  t empera tu re  changes w e r e  a  l i t t l e  l a r g e r  and d i s t r i -  
buted q u i t e  d i f f e r e n t l y  i n  EX03 t h a n  EXO4.  Over ~ o r t h  America 
t n e  g a t t e r n s  o f  t empera tu re  change i n  ~ X 0 3  and EX04 have some 
s i m i l a r i t i e s .  
The v a l u e s  o f  t h e  r a t i o  f o r  T a t  a = 0.9 i n  EX04 a r e  shown 
i n  F igure  7. There a r e  s e v e r a l  a r e a s  of  a p p a r e n t l y  s i g n i f i c a n t  
v a l u e s  o f  the r a t i o ,  i n  p a r t i c u l a r  over  Europe, t h e  Arabian 
P e n i n s u l a ,  s o u t h e a s t  A s i a ,  t h e  P a c i f i c  energy pa rk ,  and Labrador.  
I n  s e v e r a l  c a s e s  t h e  a r e a s  o f  s i g n i f i c a n t  t empera tu re  change 
a r e  r e l a t e d  t o  t h e  a r e a s  of s i g n i f i c a n t  s u r f a c e  p r e s s u r e  change, 
emphasizing t h a t  t h e  t empera tu re  r esponse  i s  p r i m a r i l y  due t o  
advec t ion  changes caused by changes i n  t h e  s u r f a c e  p r e s s u r e  f i e l d .  
Comparing F i g u r e  7  wi th  t h e  e q u i v a l e n t  f i g u r e  f o r  EX01 (see 
Murpny e t  a l . ,  1976, F igure  1 3 a ) ,  it i s  n o t i c e a b l e  t h a t ,  u n l i k e  
F i g u r e  7 .  The r a t i o  o f  t n e  d i f f e r e n c e s  i n  t empera tu re  i n  t h e  
l o w e s t  l a y e r  of  t h e  model i n  EX04 t o  t h e  s t a n d a r d  
d e v i a t i o n  o f  t h a t  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  expe- 
r i m e n t s  ( c o n t o u r  i n t e r v a l  4 u n i t s ) .  
t h e  E X O 1 ,  ~ X 0 4  d i d  n o t  produce l a r g e  v a l u e s  o f  t h e  r a t i o  i n  t h e  
v i c i n i t y  o f  t h e  p a r k s ,  n o r  i s  t h e r e  a  l a r g e  v a l u e  ove r  t h e  
S i b e r i a n  a r e a  i n  EX04. P a r t i c u l a r l y  n o t i c e a b l e  a r e  t h e  l a r g e  
v a l u e s  o f  t h e  r a t i o  o v e r  t h e  Arabian P e n i n s u l a  and  s o u t h e a s t  
Asia  i n  EX04, s i n c e  t h e s e  a r e a s  do n o t  have l a r g e  v a l u e s  of  t h e  
r a t i o  i n  any o f  t h e  f i r s t  t h r e e  energy p a r k s  expe r imen t s .  A l l  
expe r imen t s ,  however, have a  s i m i l a r  p a t t e r n  o f  t h e  r a t i o  o v e r  
t h e  Labrador a r e a ,  and t h i s  s u g g e s t s  a  low v a l u e  o f  t h e  s t a n d a r d  
d e v i a t i o n  o f  t h e  t h r e e  c o n t r o l  c a s e s  i n  t h i s  a r e a ,  a  p o i n t  which 
w i l l  be d i s c u s s e d  f u r t h e r  l a t e r .  
The d i f f e r e n c e s  i n  p r e c i p i t a t i o n  between ~ ~ 0 4  and t h e  ave rage  
o f  t h e  t h r e e  c o n t r o l  exper iments  a r e  shown i n  F i g u r e  8.  A s  i n  
e a r l i e r  energy  pa rks  exper iments  t h e  l a r g e s t  changes a r e  i n  t h e  
t r o p i c s ,  and t h e r e  a r e  no l a r g e  p r e c i p i t a t i o n  changes i n  t h e  
middle  and h i g h  l a t i t u d e s  i n  EX04. Over n e i t h e r  o f  t h e  energy  
p a r k s  i s  t h e r e  a  l a r g e  change i n  p r e c i p i t a t i o n  i n  EX04, a  f e a t u r e  
which was a l s o  no ted  i n  EXO1. 
The s i g n i f i c a n c e  r a t i o s  f o r  t h e  p r e c i p i t a t i o n  d i f f e r e n c e s  
i n  EX04 a r e  g i v e n  i n  F i g u r e  9. I n  t h i s  c a s e ,  s i g n i f i c a n t  v a l u e s  
a r e  found o v e r  and ups t ream o f  t h e  A t l a n t i c  ene rgy  p a r k ,  and n o t  
i n  t h e  v i c i n i t y  o f  t h e  p a c i f i c  pa rk - - th i s  was a l s o  found i n  E X O ~  
Figure  8.  The d i f f e r e n c e s  i n  40-aay mean t o t a l  p r e c i p i t a t i o n  
( i n  mm/day) between EX04 and t h e  average  of  t h e  t h r e e  
c o n t r o l  exper iments .  
F igure  9 .  Tile r a t i o  o f  t h e  d i f f e r e n c e s  i n  t o t a l  p r e c i p i t a t i o n  
i n  EX04  t o  t h e  s t a n d a r d  d e v i a t i o n  of  t h a t  v a r i a b l e  
i n  t h e  t h r e e  c o n t r o l  exper iments .  
(Murphy e t  a l . ,  1976, F igure  1 4 a ) .  Over t h e  t r o p i c a l  a r e a s  t h e  
l a r g e  va lues  o f  t h e  r a t i o  a r e  d i s t r i b u t e d  i n  somewhat random 
fash ion .  A s  p o i n t e d  o u t  by Murphy e t  a l .  ( 1  976) , t h e s e  l a r g e  
va lues  a r e  2roLably no t  s i g n i f i c a n t  because r a i n f a l l  i n  t h e  
t r o p i c s  a r i s e s  p r i m a r i l y  a s  a  r e s u l t  of l o c a l  i n s t a b i l i t i e s  and 
t h e  assumption of  normal i ty ,  which is  r e q u i r e d  f o r  t h e  a p p l i c a -  
t i o n  o f  s i g n i f i c a n c e  tests t o  t h e  t - s t a t i s t i c ,  does no t  hold .  
Values which a r e  a p p a r e n t l y  s i g n i f i c a n t  i n  t h e  p r e c i p i t a t i o n  
d i f f e r e n c e s  can occur  by chance. 
Never the less ,  t h e  response  of  t h e  p r e c i p i t a t i o n  i n  t h e  
a r e a s  of t h e  energy pa rks  i s  very  s i m i l a r  i n  EX01 and EX04, and 
i n  t h e  v i c i n i t y  of t h e  mid- la t i tude  A t l a n t i c  park it was a g a i n  
s i m i l a r  i n  EX03. It seems, t h e r e f o r e ,  t h a t  t h e  d e c r e a s e  o f  p re -  
c i p i t a t i o n  i n  a  band on t n e  upstream s i d e  of t h e  m i d l a t i t u d e  
A t l a n t i c  energy park and t h e  i n c r e a s e  immediately downstream a r e  
c o n s i s t e n t  r e sponses  i n  t h e  energy pa rks  experiments .  Comparing 
t h e  changes i n  p r e c i p i t a t i o n  i n  t h e  v i c i n i t y  of A t l a n t i c  energy 
pa rks  w i t h  t h e  p r e s s u r e  changes,  one sees t h a t  t h e  p r e c i p i t a t i o n  
dec rease  on t h e  upstream s i d e  of  t h e  ?ark i s  a s s o c i a t e d  wi th  a  
p r e s s u r e  i n c r e a s e ,  and t h e  p r e c i p i t a t i o n  i n c r e a s e  over  and imme- 
d i a t e l y  on t h e  downstream s i d e  of  t h e  park  i s  a s s o c i a t e d  w i t h  a  
p r e s s u r e  dec rease .  I n  o t h e r  words, t h e r e  i s  evidence  i n  bo tn  
t h e  p r e s s u r e  and p r e c i p i t a t i o n  changes t h a t  t h e  m i d l a t i t u d e  
A t l a n t i c  energy park i n  E X O I ,  EX03 and EX04 h a s  caused a change 
i n  t h e  depress ion  t r a c k  i n  t h e  e a s t  A t l a n t i c  a s  noted by G i l c h r i s t  
(1975) f o r  EXO1.  This  change has  been induced b o t h  by a h e a t  
i n p u t  of 1 .5  x 1014 \J (EX01 and EX03) and 0.75 x 1 014 W (EX04) . 
When t h e  A t l a n t i c  park was s i t u a t e d  i n  t h e  t r o p i c a l  l a t i t u d e s ,  
t h e  major e f f e c t  on t h e  p r e c i p i t a t i o n  was t o  d r a s t i c a l l y  i n c r e a s e  
it immediately o v e r  t h e  park .  I n  n e i t h e r  EXO1, EX02, nor  EX04 
has  t h e  P a c i f i c  energy park had a s i g n i f i c a n t  e f f e c t  on p r e c i -  
p i t a t i o n .  
3. WIND AND Tk34F'ERATURE AT a = 0.5 I N  ALL EXPERIMENTS 
So f a r ,  we have concen t ra ted  on changes i n  s u r f a c e  v a r i a b l e s  
between t h e  c o n t r o l  c a s e s  and each energy pa rks  exper iments .  I n  
t n i s  s e c t i o n  cnanges a t  a = 0.5 (about  500mb), i.e. i n  t h e  mid- 
t roposphere ,  w i l l  be d i scussed .  
F igures  10a t o  d show t h e  d i f f e r e n c e s  i n  t empera tu re  a t  
a = 0.5  between t h e  energy parks  experiments  and t h e  average  of  
t h e  c o n t r o l  c a s e s .  For EX01 (F igure  10a)  w e  see t h a t  t h e  
changes a r e  s m a l l e r  t h a n  t h o s e  a t  t h e  s u r f a c e ,  b u t  s t i l l  of 
c o n s i d e r a b l e  magnitude. Over t h e  A t l a n t i c  park and upstream 
t h e r e  i s  a t empera tu re  i n c r e a s e  of  up t o  ~ O C ,  and t h e r e  i s  a l s o  
a n  i n c r e a s e  o v e r  t n e  wes te rn  USSR. I n  both  o f  t n e  l a t t e r  a r e a s  
t h e  t empera tu re  i n c r e a s e d  a t  t h e  s u r f a c e  ( s e e  F igure  5a i n  
Murphy e t  a l . ,  1976) .  Over t h e  P a c i f i c  energy park  and both 
upstream and downstream t h e  tempera ture  dec reased  a t  a = 0.5; 
a t  t n e  s u r f a c e  t h e r e  was a smal l  t empera tu re  i n c r e a s e  over  t h e  
pa rk ,  and d e c r e a s e s  around it. 
I n  EX03 ( F i g u r e  10b) t h e  changes i n  t empera tu re  a t  a = 0.5 
a r e  n o t  a s  l a r g e  a s  i n  EXO1. I n  t h e  e a s t e r n  P a c i f i c  and over  
western  Europe t n e  t empera tu re  has  i n c r e a s e d  by 3 t o  4 ' ~  b u t  
e lsewhere  changes a r e  s m a l l ,  and it i s  p a r t i c u l a r l y  n o t i c e a b l e  
Lhat Lnere a r e  no l a r g e  changes i n  t h e  v i c i n i t y  of  t h e  energy 
pa rks .  I n  EX03 (F igure  10c)  t h e  tempera ture  changes a t  a = 0.5 
a r e  + 3 t o  S'C and snow a s t r o n g  wave 3 p a t t e r n  i n  middle l a t i -  
t u d e s .  The a r e a s  of g r e a t e s t  tempera ture  change a t  a = 0.5 
correspond t o  t h e  a r e a s  o f  g r e a t e s t  t empera tu re  change a t  a = 0.9, 
i . e .  t h e  e f f e c t s  o f  t h e  energy i n p u t  a r e  n o t  only  found i n  t h e  
s u r r a c e  l a y e r  o f  t h e  atmosphere b u t  have been c a r r i e d  a t  l e a s t  
a s  f a r  a s  t h e  mid-troposphere.  
I n  EX04 ( F i g u r e  10d) t n e  changes i n  t empera tu re  a t  a = 0.5 
a r e  ve ry  smal l - - in  o n l y  two a r e a s ,  e a s t  o f  t h e  Caspian Sea and 
t n e  e a s t e r n  Canadian A r c t i c  a r e  t h e  changes g r e a t e r  tnan  2 ' ~ .  
I n  t h e  c a s e  o f  EX04 t h e r e f o r e ,  t h e  tempera ture  changes i n  t h e  
s u r f a c e  l a y e r  a r e  n o t  c l e a r l y  i d e n t i f i a b l e  a t  a = 0.5. For 
example, a t  a = 0.9 t h e  l a r g e s t  t empera tu re  ( - 9 ' ~ )  was found 
o v e r  wes te rn  and c e n t r a l  Europe, b u t  no l a r g e  t empera tu re  
F i g u r e  10a. The d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  a t  
a - l e v e l  0.5 between EX01 and t h e  a v e r a g e  o f  t h e  
t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r s  a t  e v e r y  2 ' ~ ) .  
F i g u r e  l o b .  The d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  a t  
a - I e v e l  0.5 uetween EX02 and t n e  a v e r a g e  o f  t h e  
t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r s  a t  e v e r y  2 ' ~ ) .  
F i g u r e  10c. The d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  a t  
u - l e v e l  0 .5  between ~ X 0 3  and t h e  ave rage  o f  t n e  
t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r s  a t  e v e r y  2 ' ~ ) .  
F i g u r e  10d. The d i f f e r e n c e s  i n  40-day mean t empera tu re  a t  
a - l e v e l  0.5 between EX04 and t n e  a v e r a g e  o f  t h e  
t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r s  a t  e v e r y  2 ' ~ ) .  
cnange i s  s e e n  i n  t h i s  a r e a  a t  a = 0.5 
The s i g n i f i c a n c e  r a t i o s  computed f o r  t h e  t e m p e r a t u r e  changes 
a t  a = 0.5 a r e  shown i n  F i g u r e s  I l a  t o  d .  Although t h e  a b s o l u t e  
v a l u e s  o f  t h e  t e m p e r a t u r e  changes a r e  s m a l l e r  a t  a = 0.5 t h a n  a t  
a = 0.9,  t h e  v a r i a b i l i t y  a t  t h i s  l e v e l  i s  a l s o  s m a l l e r ,  s o  t h a t  
v a l u e s  o f  t h e  r a t i o  ( d i f f e r e n c e  between energy  park  exper iment  
and ave rage  o f  c o n t r o l s  d i v i d e d  by s t a n d a r d  d e v i a t i o n  o f  c o n t r o l s )  
can  s t i l l  be found t o  be g r e a t e r  t h a n  5.0. Thus,  i n  EX01 
( F i g u r e  I l a )  w e  see t h a t  t n e r e  are s e v e r a l  a r e a s  i n  t h e  m i d - l a t i -  
t u d e s  where t h e  v a l u e  o f  t n e  r a t i o  i s  s i g n i f i c a n t .  Over b o t h  
energy  p a r k s  t h e  v a l u e s  o f  t h e  r a t i o  a r e  much g r e a t e r  t h a n  5 .0 .  
There i s  q u i t e  a  l o t  o f  s i m i l a r i t y  between t h e  d i s t r i b u t i o n  o f  
t h e  r a t i o  a t  a = 0 .5  and t h a t  a t  a = 0.9 f o r  ZX01. 
I n  kX02 ( F i g u r e  I l b )  t h e r e  a r e  r e a l l y  o n l y  two a r e a s  i n  
which t h e  t e m p e r a t u r e  change a t  a = 0.5 can  be  c o n s i d e r e d  s i g n i -  
f i c a n t  ( i n  t h e  Gulf o f  Alaska and o v e r  S c a n d i n a v i a ) .  A t  a = 0.5 
no l a r g e  v a l u e s  a r e  found o v e r  t h e  p a r k s ,  showing t h a t  t h e  
inunediate t e m p e r a t u r e  e f f e c t  o f  t h e  energy  p a r k s  i n  EX02 was 
c o n c e n t r a t e d  a t  t h e  s u r f a c e  and was n o t  c a r r i e d  up i n t o  t h e  
atmosphere.  The same e f f e c t  i s  noted  f o r  t h e  energy p a r k  i n  
EX03 (see F i g u r e  I l c ,  and Wil l iams  e t  a l . ,  1977, F i g u r e  5 ) .  I n  
EX04 ( F i g u r e  I l d )  t h e r e  i s  o n l y  one a r e a  o v e r  w h i c ~ l  t h e  v a l u e  
o f  t h e  r a t i o  f o r  t e m p e r a t u r e  a t  a = 0.5 i s  g r e a t e r  t h a n  5.0 and 
t h i s  i s  c e n t e r e d  o v e r  Labrador ,  i n  a lmost  t h e  same a r e a  a s  t h e  
s i g n i f i c a n t  v a l u e s  o f  t n e  r a t i o  i n  Ex03. 
I t  is  very  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  v a l u e s  o f  t h e  r a t i o  
i n  t h e  a r e a  o f  t h e  park  a r e  o n l y  s i g n i f i c a n t  ( o r ,  f o r  t h a t  m a t t e r ,  
o f  any magnitude a t  a l l )  a t  a = 0.5 i n  EXOl; i n  t h e  o t h e r  t h r e e  
expe r imen t s  t h e  i n f l u e n c e  o f  t h e  p a r k s  on t h e  t e m p e r a t u r e s  
d i r e c t l y  above t h e  pa rk  d i d  n o t  c o n t i n u e  i n t o  t h e  mid- t roposphere .  
Cnanges i n  t h e  v a l u e  cf tile u - ( w e s t - e a s t )  component o f  t h e  
wind a t  a = 0 .5  g i v e  some i n f o r m a t i o n  r e g a r d i n g  changes  i n ,  f o r  
example,  t h e  j e t  s t r e a m  c i r c u l a t i o n .  Both o b s e r v a t i o n a l  and 
t h e o r e t i c a l  work ( rev iewed,  f o r  example by Palmen and iJewton, 
19b9) show t h a t  t h e  f low a t  t h e  500mb l e v e l  i s  i n f l u e n c e d  by t h e  
the rma l  and o r o g r a p h i c  c h a r a c t e r i s t i c s  of  t h e  e a r t h ' s  s u r f a c e ;  
Figure I l a .  The r a t i o  of t h e  d i f f e r ences  i n  temperature a t  
a - leve l  0.5 i n  EX01 t o  t h e  s tandard  dev ia t ion  of 
t h a t  va r i ab l e  i n  the  t h r e e  c o n t r o l  experiments 
(contour  i n t e r v a l  4 u n i t s ) .  
Figure I l b .  The r a t i o  of  t h e  d i f f e r e n c e s  i n  temperature a t  
a - leve l  0.5 i n  EX02 t o  t h e  s tandard dev ia t ion  of 
t h a t  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  experiments 
(contour  i n t e r v a l  2 u n i t s ) .  
F i g u r e  I l c .  The r a t i o  o f  t h e  d i f f e r e n c e s  i n  t e m p e r a t u r e  a t  
a - l e v e l  3 .  S i n  EX03 t o  t h e  s t a n d a r d  d e v i a t i o n  o f  
t h a t  v a r i a b l e  i n  t n e  t h r e e  c o n t r o l  expe r imen t s  
( c o n t o u r  i n t e r v a l  2 u n i t s ) .  
F i g u r e  I l d .  The r a t i o  o f  t h e  d i f f e r e n c e s  i n  t e m p e r a t u r e  a t  
a - l e v e l  0 . 5  i n  EX04 t o  t h e  s t a n d a r d  d e v i a t i o n  of  
t h a t  v a r i a b l e  i n  t h e  t~ l ree  c o n t r o l  e x p e r i m e n t s  
( c o n t o u r  i n t e r v a l  2 u n i t s ) .  
s o  it i s  very  p o s s i b l e  t h a t  t h e  energy i n p u t  i n  EX01 t o  EX04 
w i l l  a l s o  have had an i n f l u e n c e  on t h e  c i r c u l a t i o n  a t  a = 0.5.  
I n  EX01 t h e r e  a r e  l a r g e  changes i n  t h e  u-component of  t h e  
wind a t  a = 0.5. South of  t h e  A t l a n t i c  energy pa rk  t h e r e  was a  . 
decreased w e s t e r l y  ( o r  i n c r e a s e d  e a s t e r l y )  f low,  whi le  n o r t h  of  
t h e  park  t h e r e  was an  i n c r e a s e d  w e s t e r l y  (decreased e a s t e r l y )  
flow. Over t n e  A t l a n t i c  pa rk  t h e r e f o r e ,  a t  a = 0.5 ,  t h e  f low was 
more a n t i c y c l o n i c  i n  EX01 t h a n  i n  t h e  c o n t r o l  c a s e s ;  an i n c r e a s e  
i n  s u r f a c e  p r e s s u r e  was a l o s  noted i n  t h e  same reg ion .  Over t h e  
P a c i f i c  park and upstream and downstream i n  E X O 1 ,  t h e  f low was 
more w e s t e r l y  (less e a s t e r l y )  a t  a = 0.5. TO t h e  n o r t h  of t h e  
P a c i f i c  park  t h e r e  was a  dec reased  w a s t e r l y  f low, l e a d i n g  t o  a n  
i n c r e a s e d  c y c l o n i c  c i r c u l a t i o n  a t  a = 0.5 over  t h e  P a c i f i c  Ocean, 
corresponding t o  t h e  s u r f a c e  p r e s s u r e  dec rease .  
Magnitudes of changes i n  t h e  u-component of  t h e  wind a t  
a = 0.5 i n  EX02 a r e  n o t  s o  l a r g e  a s  i n  EXO1.  Over t h e  P a c i f i c  
energy park  t h e  change i s  much s m a l l e r  t h a n  i n  E X O ~ ,  and o v e r  t h e  
A t l a n t i c  park--which i n  t h i s  c a s e  i s  i n  t h e  t r o p i c a l  A t l a n t i c -  
- tne  a r e a  o f  l a r g e  change i s  very  smal l .  Over t h e  t r o p i c a l  
A t l a n t i c  park  t h e  wind a t  a = 0.5 i s  more e a s t e r l y  (less w e s t e r l y )  
i n  EX02 t h a n  i n  t h e  t h r e e  c o n t r o l  c a s e s ,  w h i l e  t o  t h e  s o u t h  of 
t h e  park t h e  f low i s  more w e s t e r l y ;  t h i s  means t h a t  t h e r e  was 
an i n c r e a s e d  c y c l o n i c  f low over  t h e  t r o p i c a l  A t l a n t i c  park  i n  
c o n t r a s t  t o  t h e  i n c r e a s e d  a n t i c y c l o n i c  f low over  t h e  m i d - l a t i t u d e  
A t l a n t i c  park  i n  EXO1. 
I n  EX03 t h e  changes i n  t h e  u-component of t h e  wind a t  
a = 0.5 do n o t  snow t h e  l a r g e  changes i n  t h e  v i c i n i t y  of  t h e  
m i d - l a t i t u d e  energy park  a s  found i n  E X O 1 .  South of  t h e  park  
t h e r e  i s  a  dec reased  w e s t e r l y  f low i n  EX03, b u t  t h e  i n c r e a s e  
n o r t h  of t h e  pa rk  i n  EX01 i s  n o t  seen  i n  EX03. 
The change i n  t h e  u-component of  t h e  wind i s  a l s o  d i f f e r e n t  
i n  EX04 from E X O 1 .  I n  AX04 the wind ups t ream and on t h e  downstream 
s i d e  o f  t h e  A t l a n t i c  park  had a  dec reased  w e s t e r l y  component, 
and i n  t h e  v i c i n i t y  of t n e  P a c i f i c  park t h e r e  i s  a l s o  a  dec reased  
w e s t e r l y  component, b u t  t h e  d e c r e a s e  i s  n o t  a s  l a r g e  a s  i n  E X O 1 .  
The l a r g e  changes i n  c i r c u l a t i o n  over  t h e  P a c i f i c  and ~ t l a n t i c  
oceans  a t  a = 0.5 i n  EX01 a r e  n o t  s e e n  i n  EX04. 
S i g n i f i c a n c e  r a t i o s  f o r  t h e  u-component of  t h e  wind a t  
a = 0.5 show t h a t  f o r  EX01 t h e  l a r g e  changes i n  t h e  P a c i f i c  
Ocean, t h e  A t l a n t i c ,  and t h e  Sahara  can  be  a t t r i b u t e d  t o  t h e  
i n f l u e n c e  o f  t h e  energy p a r k s  and n o t  t o  model v a r i a b i l i t y .  Of 
i n t e r e s t  a r e  t h e  l a r g e  a r e a s  o f  s i g n i f i c a n t  v a l u e s  o f  t h e  r a t i o  
i n  t h e  e a s t e r n  P a c i f i c .  I n  EX02 t h e r e  a r e  no l a r g e  v a l u e s  o f  
t n e  r a t i o  i n  t h e  v i c i n i t y  o f  t h e  ene rgy  p a r k s ,  a g a i n  t h e r e  i s  
a l a r g e  a r e a  o f  s i g n i f i c a n t  v a l u e s  i n  t h e  e a s t e r n  P a c i f i c ;  
s c a t t e r e d  s m a l l e r  a r e a s  of  s i g n i f c a n t  v a l u e s  occur .  
I n  bo th  EX03 and  EX04 t h e  a r e a s  o v e r  which t h e  v a l u e s  o f  
t h e  s i g n i f i c a n c e  r a t i o  a r e  g r e a t e r  t h a n  5.0 a r e  l i k e w i s e  s c a t t e r e d  
and n o t  l a r g e ;  t h e  t o t a l  a r e a  o f  s i g n i f i c a n t  change i s  n o t  a s  
g r e a t  a s  i n  EXO1. 
F i g u r e s  12a t o  d  show t h e  u a l u e s  o f  t n e  s i g n i f i c a n c e  r a t i o  
f o r  t h e  v - (no r th - sou th )  component o f  t h e  wind a t  a = 0.5 f o r  each  
ene rgy  pa rk  exper iment .  I t  is  s e e n  t h a t  l a r g e  v a l u e s  o f  t h e  
r a t i o  o c c u r ,  o v e r  s u b s t a n t i a l  a r e a s .  I n  EX01 t h e r e  i s  a s i g n i -  
f i c a n t l y  i n c r e a s e d  southward ( d e c r e a s e d  nor thward)  f low o v e r  
t h e  A t l a n t i c  ene rgy  p a r k ,  w i t h  a  s i g n i f i c a n t l y  d e c r e a s e d  south-  
ward ( i n c r e a s e d  nor thward)  f low t o  t h e  w e s t  o f  t h e  p a r k ,  complet-  
i n g  t h e  i n c r e a s e d  a n t i c y c l o n i c  c i r c u l a t i o n  i n  t h e  A t l a n t i c  a r e a  
t h a t  was n o t e d  i n  t h e  d i s c u s s i o n  of t h e  u-component o f  t n e  wind. 
I n  e a c h  exper iment  w i t h  an ene rgy  p a r k  i n  t h e  m i d l a t i t u d e  A t l a n t i c  
(EXO1, EX03, EXO4) t h e  f low o v e r  t h e  A t l a n t i c  ene rgy  p a r k  became 
i n c r e a s i n g l y  n o r t h e r l y '  ( d e c r e a s i n g  s o u t h e r l y ) .  The i n c r e a s i n g  
s o u t h e r l y  f low t o  t h e  w e s t  of  t h e  p a r k  i s  s i g n i f i c a n t  i n  EX01 
and  d o e s  n o t  o c c u r  i n  EX03 and ZX04. Over t h e  P a c i f i c  ene rgy  
p a r k ,  on t h e  o t h e r  hand, t h e  change i n  t h e  v-component of  t h e  
wind a t  a = 0.5 i s  n o t  s i m i l a r  i n  each  exper iment .  I n  non o f  
t h e  expe r imen t s  ( E X O ? ,  EX02, E X O q )  i s  t h e r e  a  s i g n i f i c a n t  v a l u e  
of  t h e  r a t i o  d i r e c t l y  o v e r  t h e  p a r k ,  and i n  a r e a s  su r round ing  
t h e  p a r k  t h e  s i g n i f i c a n t  v a l u e s  a r e  i n  d i f f e r e n t  p l a c e s  i n  each  
exper iment .  The s i m i l a r i t y  o f  t h e  v a l u e s  o f  t h e  r a t i o s  i n  EX01 
EX02, and EX03 o v e r  t h e  e a s t e r n  P a c i f i c  Ocean s u g g e s t s  t h a t  t h e  
v a r i a n c e  i n  t h e  t h r e e  c o n t r o l  c a s e s  i s  s m a l l  i n  t h i s  area--and 
Figure  12a. The r a t i o  of  t h e  d i f f e r e n c e s  i n  t h e  nor th-south  
component of t h e  wind ( i n  m/sec) a t  a - l e v e l  0.5 i n  
EX01 t o  t h e  s t andard  d e v i a t i o n  of t h a t  v a r i a b l e  i n  
t h e  t h r e e  c o n t r o l  exper iments  (contour  i n t e r v a l  4 
u n i t s ) .  
F igure  12b. The r a t i o  o f  t h e  d i f f e r e n c e s  i n  t h e  nor th-south  
component of  t h e  wind ( i n  m/sec) a t  a - l e v e l  0 .5  i n  
EX02 t o  t h e  s t a n d a r d  d e v i a t i o n  o f  t h a t  v a r i a b l e  i n  
t h e  t h r e e  c o n t r o l  exper iments  (contour  i n t e r v a l  4 
u n i t s )  . 
Figure 12c. The r a t i o  of t h e  d i f fe rences  i n  t h e  north-south 
component of the  wind ( i n  m/sec) a t  a- level  0 . 5  i n  
EX03 t o  t he  s tandard dev ia t ion  of t h a t  v a r i a b l e  i n  
t h e  t h r e e  con t ro l  experiments (contour i n t e r v a l  4 
u n i t s ) .  
Figure 12d. The r a t i o  of t h e  d i f fe rences  i n  t h e  north-south 
component of t h e  wind ( i n  m/sec) a t  a - leve l  0 . 5  i n  
EX04 t o  t h e  standard dev ia t ion  of t h a t  v a r i a b l e  i n  
the  t h ree  con t ro l  experiments (contour i n t e r v a l  4 
u n i t s )  . 
it i s  p o s s i b l e  t h a t  t h e  d i f f e r e n c e s  would n o t  be s i g n i f i c a n t  
i f  a  l a r g e r  sample o f  c o n t r o l  c a s e s  were a v a i l a b l e .  
4. SURFACE PKESSURii DIFFE-NCES ALONG LATITUDE LINES 
- 
THROUGH ZNERGY PARKS 
The d i f f e r e n c e  i n  s u r f a c e  p r e s s u r e  between t h e  c o n t r o l  c a s e s  
and EXO1, EX03, and EX04 a l o n g  t h e  l a t i t u d e  l i n e  49. S O N  (which 
p a s s e s  th rough  t h e  A t l a n t i c  ene rgy  pa rk )  a r e  p l o t t e d  i n  F i g u r e  
13.  I n  EX01 t h e r e  i s  a  c l e a r  rise o f  p r e s s u r e  t o  t h e  w e s t  and 
o v e r  t h e  p a r k ,  w i t h  a  d e c r e a s e  e a s t  o f  t h e  park .  T h i s  p a t t e r n  
i s  r e p e a t e d  i n  EX03, emphas iz ing  t h e  p o i n t  made by Wil l iams  e t  
a l .  ( 1  977;  page 5  o f  t h a t  r e p o r t )  t h a t  t h e  p a t t e r n  o f  change i n  
' F i g u r e  13.  The d i f f e r e n c e s  i n  s u r f a c e  p r e s s u r e  between EX01,EX03, 
EX04 and  t h e  a v e r a g e  o f  t h e  t h r e e  c o n t r o l  c a s e s  
a l o n g  t h e  l a t i t u d e  l i n e  4 9 . 5 ' ~ .  
EXOl and  EX03 i n  t h e  v i c i n i t y  of  t h e  A t l a n t i c  park  is  s i m i l a r .  
I n  EX04 t h e r e  i s  some s i m i l a r i t y  i n  t h e  r e s p o n s e  o v e r  t h e  
A t l a n t i c ,  a l t h o u g h  t h e  p r e s s u r e  i n c r e a s e  t o  t h e  upstream s i d e  
o f  t h e  park  i s  n o t  a s  l a r g e  o r  c o h e r e n t  a s  i n  EX01 and EX03 
(and o c c u r s  f u r t h e r  w e s t ) ,  and t h e  p r e s s u r e  d e c r e a s e  downstream 
i s  s m a l l e r  and d i s p l a c e d  towards  t h e  pa rk .  The s i m i l a r i t y  o f  t h e  
p r e s s u r e  changes i n  EXOl and EX03 immediately on  t h e  donwstream 
s i d e  o f  t h e  p a r k s  i s  s t r i k i n g .  Over t h e  P a c i f i c  t h e  l a r g e  
d e c r e a s e  o f  p r e s s u r e  no ted  i n  EX01 is  n o t  s e e n  i n  t h e  o t h e r  two 
exper iments .  
A t  3 7 . 5 ' ~  ( F i g u r e  14 )  , which p a s s e s  th rough  t h e  P a c i f i c  
ene rgy  pa rk ,  w e  c a n  compare t h e  p r e s s u r e  d i f f e r e n c e s  i n  EX01 and 
F i g u r e  1 4 .  The d i f f e r e n c e s  i n  s u r f a c e  p r e s s u r e  between EXO1, 
EX04 and t h e  ave rage  o f  t h e  t h r e e  c o n t r o l  c a s e s  
a l o n g  t h e  l a t i t u d e  l i n e  3 7 . 5 ' ~ .  
EX04, which have t h e  same l o c a t i o n s  of energy pa rks  b u t  d i f f e r e n t  
amounts of  waste  h e a t  r e l e a s e .  The much l a r g e r  changes i n  EXOl 
a r e  c l e a r .  Over t h e  P a c i f i c  park i n  EXOl t h e r e  was a  p r e s s u r e  
d e c r e a s e  which i s  g r e a t e r  on t h e  donwstream s i d e  of t h e  park .  
I n  EX04 t h e r e  i s  a  much s m a l l e r  p r e s s u r e  d e c r e a s e ,  wi th  i t s  
maximum s l i g h t l y  upstream of t h e  park .  Over Asia t h e  d i f f e r e n c e s  
i n  t h e  two exper iments  a r e  s i m i l a r  b u t  elsewhere t h e r e  a r e  no 
s i m i l a r i t i e s .  
5. MODEL VARIABILITY 
A s  poin ted  o u t  i n  t h i s  and s e v e r a l  e a r l i e r  publications, 
an impor tant  a s p e c t  of  t h e  a n a l y s i s  of t h e  r e s u l t s  of s e n s i t i v i t y  
exper iments  i s  t h e  e v a l u a t i o n  of  a  s igna l - to -no i se  r a t i o .  Thus, 
it i s  necessa ry  t o  de termine  how much of  t h e  d i f f e r e n c e  between 
a  s e n s i t i v i t y  experiment  and c o n t r o l  e x p e r i m e n t ( s )  i s  due t o  t h e  
p e r t u r b a t i o n  ( i n  o u r  c a s e ,  waste h e a t )  in t roduced  and how much 
i s  due t o  t h e  model ' s  i n h e r e n t  v a r i a b i l i t y .  
I f  w e  c o n s i d e r  two exper iments  r u n  wi th  a  GCM i n  which t h e  
only  d i f f e r e n c e  between t h e  i n i t i a l  c o n d i t i o n s  i s  a  random smal l  
d i f f e r e n c e  ( f o r  example, added t o  t h e  i n i t i a l  wind f i e l d  i n  t h e  
model, w i t h  a maximum ampl i tude  of 1 m-sec") ,  w e  f i n d ,  by looking 
a t  t h e  root-mean-square d i f f e r e n c e  between t h e  two experiments  
f o r  a  model v a r i a b l e  ( e . g .  t empera tu re )  a s  a  f u n c t i o n  o f  t i m e ,  
t h a t  t h e  d i f f e r e n c e  between t h e  two exper iments  grow r a p i d l y  i n  
t h e  f i r s t  15 days ,  t h e n  more s lowly  and a f t e r  30 o r  40 days  t h e  
d i f f e r e n c e  between t h e  two c a s e s  v a r i e s  about  some mean va lue .  
This  growth o f  smal l  i n i t i a l  e r r o r s  means t h a t  a f t e r  about  a  week 
t h e  l o c a l  s o l u t i o n s  o f  t h e  GCM a r e  i n d i s t i n g u i s h a b l e  from so lu -  
t i o n s  s e l e c t e d  a t  random from a n  ensemble o f  s o l u t i o n s  under t h e  
same c o n d i t i o n s .  
T h i s  behavior  i s  b a s i c a l l y  due t o  t h e  high degree of non- 
l i n e a r i t y  p r e s e n t  i n  t h e  models, whereby changes on even t h e  
ve ry  s m a l l e s t  s c a l e s  a r e  u l t i m a t e l y  f e l t  on a l l  o t h e r  s c a l e s .  
Th i s  u n c e r t a i n t y  i n  t h e  e v o l u t i o n  o f  t h e  s o l u t i o n s  ( i . e .  t h e  
d i f f e r e n c e s  from a n  unper turbed c a s e )  i s  t h e  i n h e r e n t  n o i s e  i n  
t h e  d e t e r m i n a t i o n  o f  c l i m a t e  s t a t i s t i c s  wi th  such models. The 
models s i m u l a t e  t h e  v a r i a b i l i t y  of t h e  r e a l  atmosphere which i s  
due t o  d a i l y  weatner  f l u c t u a t i o n s  ( s e e ,  f o r  example, Madden 1976; 
L e i t h  1973) .  
It i s  impor tan t  t o  have a  good e s t i m a t e  of t h e  n o i s e  l e v e l  
of t h e  model so  t h a t  t h e  s i g n a l  form a  g iven p e r t u r b a t i o n  t o  
t h e  model, e .g .  t h e  a d d i t i o n  o f  waste h e a t ,  can be assessed .  
Methods f o r  de termining t h e  n a t u r a l  v a r i a b i l i t y  u s u a l l y  r e l y  on 
t h e  comparison of  a n  ensemble o f  c o n t r o l  c a s e s ,  which d i f f e r  
on ly  by smal l  random d i f f e r e n c e s  i n  i n i t i a l  c o n d i t i o n s .  The 
n a t u r a l  v a r i a b i l i t y  of  t h e  r e a l  atmophere can  be determined from 
t h e  many y e a r s  of  me teoro log ica l  o b s e r v a t i o n s .  The v a r i a b i l i t y '  
of  t h e  model atmosphere should i d e a l l y  be determined from a  
l a r g e  (30 o r  more) sample o f  c o n t r o l  c a s e s ;  i n  t h e  absence of  
such in fo rmat ion ,  b e s t  use  must be made of  t h e  inforamtion from 
a  l i m i t e d  number o f  c o n t r o l  c a s e s .  
Murphy e t  a l .  (1976) and Williams e t  a l .  (1977) have est i -  
mated t h e  v a r i a b i l i t y  of  t h e  Meteorologica l  O f f i c e  GCM used i n  
t h e  energy pa rks  experiments  by computing t h e  s t andard  d e v i a t i o n s  
of 40-day means of me teoro log ica l  v a r i a b l e s  i n  t h e  t h r e e  c o n t r o l  
c a s e s .  F i g u r e  35 shows t h e  s t andard  d e v i a t i o n  of  t h e  40-day 
mean s u r f a c e  p r e s s u r e  f i e l d  computed from t h e  t h r e e  c o n t r o l  c a s e s .  
The l a r g e s t  v a r i a b i l i t y  i s  over  S i b e r i a  (s > 14mb) . F i g u r e  16 
shows a n  e s t i m a t e  of  t h e  s t a n d a r d  d e v i a t i o n  of 40-day mean sea-  
l e v e l  p r e s s u r e  computed from t h e  d a t a  of  Schumann and van Rooy 
( 1 9 5 2 ) ,  from which it can be seen t h a t  t h e  maximum observed 
s t andard  d e v i a t i o n  of  s e a - l e v e l  p r e s s u r e  i s  about  8mb and o c c u r s  
i n  t h e  v i c i n i t y  o f  t h e  m i d l a t i t u d e  low-pressure c e n t e r s .  
From sampling theory  one can s t a t e  t h a t  
where s2  i s  t h e  v a r i a n c e  of a  t i m e  average  o f  l e n g t h  T I  s2  i s  T 
t h e  v a r i a n c e  of  d a i l y  v a l u e s ,  and TO i s  t h e  c h a r a c t e r i s t i c  t i m e  
between e f f e c t i v e l y  independent  sample v a l u e s .  Using ( 1 )  w e  
can d e r i v e  t h e  r e l a t i o n s h i p  
F i g u r e  15. S t a n d a r d  d e v i a t i o n  o f  t h e  40-day mean s u r f a c e  
p r e s s u r e  f i e l d  computed from t h e  t h r e e  c o n t r o l  c a s e s  
( c o n t o u r  i n t e r v a l  4 u n i t s ) .  
F i g u r e  16. E s t i m a t e  o f  t h e  s t a n d a r d  d e v i a t i o n  o f  40-day mean 
s e a - l e v e l  p r e s s u r e  computed from t h e  d a t a  o f  Schumann 
and van  Rooy (1 952) ( c o n t o u r  i n t e r v a l  2  u n i t s )  . 
where sc0 i s  t h e  v a r i a n c e  o f  a  40-day mean and s iO i s  t h e  
v a r i a n c e  o f  a  10-day mean. I t  i s  t h e r e f o r e  p o s s i b l e  u s i n g  ( 2 )  
t o  e s t i m a t e  t h e  v a r i a n c e  o f  t h e  40-day mean us ing  t h e  in fo rmat ion  
from twelve 10-day means. F igure  17 shows t h e  s t andard  d e v i a t i o n  
of t h e  40-day means computed from t h e  twelve  10-day mean s u r f a c e  
p r e s s u r e  v a l u e s  according t o  equa t ion  ( 2 ) .  The s t andard  dev ia -  
t i o n  o v e r  t h e  S i b e r i a n  a r e a  i s  now reduced t o  z 9mb and t h e  
d i s t r i b u t i o n  i s  much smoother. The observed maximum s tandard  
d e v i a t i o n  i n  t h e  v i c i n i t y  of  t h e  Aleu t i an  Low i s  underes t imated  
by t h e  moiiel, and t h e  l a r g e  v a r i a b i l i t y  i n  t h e  v i c i n i t y  of t h e  
I c e l a n d i c  Low i s  n o t  seen  i n  t h e  model r e s u l t s .  The g e n e r a l  
underes t ima t ion  of  v a r i a b i l i t y  has  been noted f o r  o t h e r  models 
and must be p a r t l y  a  r e s u l t  of t h e  c o n s t a n t  sea - su r face  tempera- 
t u r e  f i e l d  useu i n  t h e  model conpared wi th  t h e  observed v a r i a b i -  
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Figure  17. Standard d e v i a t i o n  of t h e  10-day mean s u r f a c e  p r e s s u r e  
f i e l d  computed from t h e  t h r e e  c o n t r o l  c a s e s  ( con tour  
i n t e r v a l  2 u n i t s ) .  
The s i g n a l - t o - n o i s e  r a t i o s  f o r  d i f f e r e n t  me teoro log ica l  
v a r i a b l e s  and each o f  t h e  energy parks  experiments  have been 
recomputed us ing  t h e  r e v i s e d  e s t i m a t e s  of t h e  s t andard  d e v i a t i o n  
o f  t h e  40-day mean. F igure  18 shows t h e  r a t i o  f o r  t h e  s u r f a c e  
p r e s s u r e  f i e l d  i n  E X O 1 ,  which can be compared with t h e  r a t i o s  
computed from t h r e e  40-day means (see Ivlurphy e t  a l . ,  1976, 
F igure  I l a ) .  The d i s t r i b u t i o n  o f  l a r g e  va lues  of t h e  r a t i o s  i s  
n o t  much changed. The v a l u e s  o f  t h e  r a t i o s  based on 10-day means 
F i g u r e  18. The r a t i o  o f  t h e  d i f f e r e n c e s  i n  s u r f a c e  p r e s s u r e  
i n  EX01 t o  t h e  10-day s t a n d a r d  d e v i a t i o n  o f  t h a t  
v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  expe r imen t s  ( c o n t o u r  
i n t e r v a l  2  u n i t s ) .  
f o r  t e m p e r a t u r e  a t  cr = 0.9 i n  EX01 a r e  shown i n  F i g u r e  19. The 
r z - t i o s  based  on  40-day means a r e  g i v e n  i n  Murphy e t  a l .  (1976; 
F i g u r e  13a i n  t h a t  r e p o r t ) .  I t  i s  c l e a r  t h a t  some a r e a s  which 
had v e r y  l a r g e  v a l u e s  o f  t h e  r a t i o  when based on 40-day means 
( e s p e c i a l l y  o v e r  n o r t h e r n  S c a n d i n a v i a ,  S i b e r i a ,  and Labrador)  
do  n o t  have l a r g e  r a t i o s  when 10-day means have been used .  That  
i s ,  t h e  n o i s e  l e v e l  was u n d e r e s t i m a t e d  i n  t h e s e  a r e a s  when 40- 
day means w e r e  used .  S i m i l a r l y  f o r  t e m p e r a t u r e  a t  o = 0.9 i n  
EX02 ( F i g u r e  2 0 ) ,  t h e  r a t i o s  based on 10-day means do n o t  have 
l a r g e  v a l u e s  o v e r  t h e  G r e a t  Lakes a r e a s  and S i b e r i a .  
F i g u r e  19. The r a t i o  of t h e  d i f f e r e n c e s  i n  t e m p e r a t u r e  i n  t h e  
l o w e s t  l a y e r  o f  t h e  model i n  EX01 t o  t h e  10-day 
s t a n d a r d  d e v i a t i o n  o f  t h a t  v a r i a b l e  i n  t h e  t h r e e  
c o n t r o l  e x p e r i m e n t s  ( c o n t o u r  i n t e r v a l  2 u n i t s ) .  
F i g u r e  20.  The r a t i o  of  t h e  d i f f e r e n c e s  i n  t e m p e r a t u r e  i n  t h e  
lowes t  l a y e r  o f  t h e  model i n  EX02 t o  t h e  10-day 
s t a n d a r d  d e v i a t i o n  o f  t h a t  v a r i a b l e  i n  the  t h r e e  
c o n t r o l  expe r imen t s  ( c o n t o u r  i n t e r v a l  2 u n i t s ) .  
~ h c  r a t i o s  f o r  s u r f a c e  p r e s s u r e  and t empera tu re  a t  a = 0.5 
i n  EX04 based on  10-day means a r e  shown i n  F i g u r e s  21 and 22 
r e s p e c t i v e l y .  I n  comparison w i t h  t h e  r a t i o s  based on 40-day 
means ( F i g u r e s  4 and I l d ) ,  t h e  r a t i o s  f o r  s u r f a c e  p r e s s u r e  based  
on 10-day means s u g g e s t  t h a t  t h e r e  i s  no s t a t i s t i c a l l y  s i g n i f i c a n t  
p r e s s u r e  i n c r e a s e  on t h e  upstream s i d e  o f  t h e  A t l a n t i c  energy  
p a r k  ( a l t h o u g h ,  a s  d i s c u s s e d  e a r l i e r ,  t h e  occurence  o f  t h i s  
i n c r e a s e  i n  o t h e r  expe r imen t s  and m e t e o r o l o g i c a l  arguments  would 
s u g g e s t  t h a t  it h a s  p h y s i c a l  s i g n i f i c a n c e ) .  The p r e s s u r e  d e c r e a s e  
o v e r  t h e  Med i t e r r anean  i s  a l s o  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  
when compared w i t h  t h e  new e s t i m a t e  o f  n o i s e - l e v e l .  Although 
t h e r e  a r e  s t i l l  a r e a s  w i t h  l a r g e  v a l u e s  o f  t h e  r a t i o ,  t h e  wide- 
s p r e a d  occurence  o f  a  s i g n i f i c a n t  r e s p o n s e  t o  t h e  ene rgy  p a r k s  
i n  EX04 is  n o t  found.  For t empera tu re  a t  a = 0.9 t h e r e  a r e  some 
i m p o r t a n t  d i f f e r e n c e s  between t h e  two e s t i m a t e s  o f  t h e  s i g n a l -  
t o - n o i s e  r a t i o .  The l a r g e  v a l u e  o f  t h e  r a t i o  (+13) o v e r  Labrador  
i s  n o t  found when t h e  s t a n d a r d  d e v i a t i o n  i s  e s t i m a t e d  from 10-day 
means, and i n  o t h e r  a r e a s  t h e  r a t i o  i s  much s m a l l e r  i n  t h e  newer 
e v a l u a t i o n .  T h i s  a g a i n  p o i n t s  t o  t h e  f a c t  t h a t  t h e  v a r i a b i l i t y  
i n  t e m p e r a t u r e  a t  a = 0.9 was unde res t ima ted  p r e v i o u s l y .  
Figure  2 1 .  The r a t i o  of  t h e  d i f f e r e n c e s  i n  s u r f a c e  p r e s s u re  i n  
EX04 t o  t h e  10-day s tandard  d e v i a t i o n  o f  t h a t  v a r i a b l e  
i n  t h e  t h r e e  c o n t r o l  experiments  (con tour  i n t e r v a l  
2 u n i t s ) .  
F igure  22 .  The r a t i o  of  d i f f e r e n c e s  i n  temperature  a t  a - l e ve l  
0 . 5  i n  EX04 t o  10-day s tandard  d e v i a t i o n  of  t h a t  
v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  experiments  (con tour  
i n t e r v a l  2 u n i t s )  . 
6 .  CONCLUSIONS 
-
The f o u r t h  expe r imen t  w i t h  t h e  ~ e t e o r o l o g i c a l  o f f i c e  GCfI 
h a s  been performed t o  g e t  f u r t h e r  i n s i g h t  r e g a r d i n g  t h e  behav io r  
o f  t h e  s i m u l a t e d  a tmosphe r i c  c i r c u l a t i o n  w i t h  d i f f e r e n t  was te  
h e a t  s c e n a r i o s .  
m p h a s i s  h a s  been  g i v e n  t o  t h e  i n v e s t i g a t i o n  o f  t h e  non- 
l i n e a r i t y  o f  t h e  r e s p o n s e  of  t h e  s i m u l a t e d  atmosphere.  ~ e s u l t s  
o f  EX04 show t h a t  there i s  s t i l l  a  r e sponse  t o  t h e  was te  h e a t  
i n p u t  b u t  n o t  a s  b i g  a s  i n  ~ X 0 1 .  Also o f  impor tance  is  t h e  
comparison between 3x03 and EX04 because  t h o s e  two expe r imen t s  
i nvo lved  t h e  same amount o f  ene rgy  r e l e a s e  i n t o  t h e  atmosphere 
b u t  t h e  d i s t r i b u t i o n  o f  the h e a t  i s l a n d s  d i f f e r e d .  I n  ~ X 0 3  t h e r e  
was o n l y  one  e n e r g y  p a r k  (west  of  Eng land) ,  whereas  i n  ~ ~ 0 4  t h e  
h e a t  was r e l e a s e d  from b o t h  an A t l a n t i c  p a r k  and a  p a c i f i c  p a r k .  
The i n p u t  from two p a r k s  produced a  much d i f f e r e n t  r e s p o n s e  t h a n  
t h e  i n p u t  from a  s i n g l e  ene rgy  p a r k ,  a l t h o u g h  t n e  same amount o f  
ene rgy  was added t o  t h e  system. EX04 shows c l e a r l y  less changes  
t h a n  EX03 d i d .  I n  a d d i t i o n ,  t h e  changes  i n  p r e s s u r e  and  t a p e -  
r a t u r e  d i s t r i b u t i o n  i n  t h e  lowes t  l a y e r  o f  t h e  model d i f f e r  
s t r o n g l y  n o t  o n l y  from t h o s e  i n  EX03 b u t  a l s o  from t h o s e  i n  ~ ~ 0 1 .  
 his shows a g a i n  t h e  s t r o n g  n o n - l i n e a r i t y  o f  r e s p o n s e  o f  t h e  
a tmosphe r i c  c i r c u l a t i o n .  I t  should  a l s o  b e  noted  t h a t  t h e  
changes  o v e r  t h e  oceans  a r e  more s i m i l a r  t h a n  o v e r  t h e  c o n t i n e n t s  
( i n  d i s t r i b u t i o n  and amount a s  w e l l ) ,  b u t  t h e  changes  a r e  n o t  
n e c e s s a r i l y  i n  t h e  same d i r e c t i o n  ove r  a l l  c o n t i n e n t a l  a r e a s .  
Otner  i n v e s t i g a t i o n s  have concerned t h e  i n f l u e n c e  o f  t h e  
h e a t  r e l e a s e  on n i g h e r  l e v e l s  o f  t h e  atmosphere.  Wind and tempe- 
r a t u r e  f i e l d s  a t  a l e v e l  0 .5  f o r  a l l  expe r imen t s  have been c o n s i -  
de red .  Tne t e m p e r a t u r e  changes a t  t h i s  l e v e l  w e r e  found t o  b e  
much s m a l l e r ,  b u t ,  a s  t h e  v a r i a b i l i t y  i s  a l s o  s m a l l e r  h e r e ,  t h e  
v a l u e s  s t i l l  remain s t a t i s t i c a l l y  s i g n i f i c a n t .  Only i n  EX01 
was t h e  p a t t e r n  t h e  same a t  a = 0 . 5  and a = 0.9. L ikewise ,  o n l y  
i n  EX01 a r e  t h e  changes of T a t  a = 0.5 s t i l l  s i g n i f i c a n t  i n  t h e  
v i c i n i t y  of  t h e  p a r k s .  I n  EX02, EX03, and EX04 t h e  e f f e c t  o f  
t n e  h e a t  i s l a n d s  i s  c o n c e n t r a t e d  a t  t h e  s u r f a c e  and h a s  n o t  
s p r e a d  t o  h i g h e r  l e v e l s .  
Changes i n  t h e  v a l u e  o f  t h e  w e s t - e a s t  component o f  t h e  
wind a t  a = 0.5 g i v e  some i n f o r m a t i o n  r e g a r d i n g  changes i n ,  f o r  
example,  t h e  j e t  s t r e a m  c i r c u l a t i o n ,  and it i s  v e r y  p o s s i b l e  
t h a t  t h e  e n e r g y  i n p u t  i n  o u r  expe r imen t s  w i l l  a l s o  have had a n  
i n f l u e n c e  o n  t h e  c i r c u l a t i o n  a t  a = 0.5.  Again,  t h e  h i g h e s t  
and a s  w e l l  s i g n i f i c a n t  changes w e r e  found i n  EXO1.  
F i n a l l y ,  a  b e t t e r  e s t i m a t e  f o r  t h e  mode l ' s  i n h e r e n t  v a r i a -  
b i l i t y  h a s  been  found,  and t h e  t - s t a t i s t i c s  have been r e c a l c u -  
l a t e d .  P r e v i o u s  r e s u l t s  w e r e  conf i rmed w i t h  t h i s  c a l c u l a t i o n ,  
and a  much smoother  d i s t r i b u t i o n  o f  r a t i o s  h a s  been o b t a i n e d  
a v o i d i n g  u n r e a l i s t i c a l l y  l a r g e  v a l u e s  i n  some p l a c e s .  
F u t u r e  p l a n s  might  i n c l u d e  a n o t h e r  GCM exper iment  w i t h  a  
more r e a l i s t i c  d i s t r i b u t i o n  o f  t h e  r e l e a s e d  ene rgy ,  b u t  expe- 
r i m e n t s  w i t h  r e g i o n a l  o r  meso-scale  models would be v e r y  h e l p f u l  
f o r  f u r t h e r  i n v e s t i g a t i o n .  Case s t u d i e s  o f  u rban  h e a t  i s l a n d s  
and o t h e r  d i a g n o s t i c  s t u d i e s  w i l l  a l s o  be  o f  v a l u e .  
ACKNOWLEDGEMENT 
W e  would l i k e  t o  t h a n k  Ruth Kuhn o f  t h e  Kernforschungszentrum 
K a r l s r u h e  and  J u l i e  Walker o f  t h e  M e t e o r o l o g i c a l  O f f i c e  f o r  t h e i r  
h e l p  i n  runn ing  t h e  model. EX01 and t h e  c o n t r o l  c a s e s  were r u n  
a t  t h e  M e t e o r o l o g i c a l  O f f i c e ;  EX02, EX03 and EX04 w e r e  r u n  a t  
K a r l s r u h e .  W e  would a l s o  l i k e  t o  thank  P e t e r  Rowntree f o r  h i s  
h e l p  i n  t h e  i n t e r p r e t a t i o n  of  r e s u l t s  o f  t h e  model expe r imen t s .  
T h i s  r e s e a r c h  i s  s u p p o r t e d  by a  g r a n t  from t h e  Uni ted  
Na t ions  Environment Program (UIJEP) . 
REFERENCES 
G i l c h r i s t ,  A. ( 1 9 7 5 ) ,  Two Climate Change Exper imen t s ,  M e t .  0. 20 
T e c h n i c a l  Note 11/50, Meteoro log ica l  o f f  i c e ,  B r a c k n e l l ,  UK. 
L e i t h ,  C.E. ( 1 9 7 3 ) ,  The S tandard  E r r o r  of  Time-Averaged E s t i m a t e s  
o f  C l i m a t i c  Means, J. A p p l .  Meteoro l . ,  12,  1066-1069. 
Madden, R.A. ( 1 9 7 6 ) ,  E s t i m a t e s  o f  t h e  N a t u r a l  V a r i a b i l i t y  o f  
~ i m e - ~ v e r a g e d  Sea-Level P r e s s u r e ,  Mon. Weather Rev . ,  104 ,  
942-952. 
Murphy, A. H. ,  e t  a l .  ( 1 9 7 6 ) ,  The Impact o f  Waste Heat Re lease  
on S imula ted  Global  C l imate ,  RbI-76-79, I n t e r n a t i o n a l  
I n s t i t u t e  f o r  Appl ied  Systems A n a l y s i s ,  Laxenburg, A u s t r i a .  
Palmen, E . ,  and C.W. Newton (1 969) , Atmospher ic  C i r c u l a t i o n  
Sys tems ,  Academic P r e s s ,  N e w  York. 
S c h n e i d e r ,  S.H., and R.E. Dickinson ( 1  974) , Cl imate  Modeling, 
Rev. Geophys. Space Phys. ,  12, 447-493. 
Schumann, T.E.W., and M. R. van Rooy (1  952) , The A u t o c o r r e l a t i o n  
o f  Dai ly  Sea-Level  Pressure  o v e r  t h e  Northern  Hemisphere, 
No. 17 ,  P r e t o r i a  Weather Bureau-, P r e t o r i a ,  South  A f r i c a .  
Smagorinsky , J. ( 1 974) , Global  Atmospheric and t h e  Numerical  
S i m u l a t i o n  o f  C l imate ,  i n  W.N. H e s s ,  e d . ,  Weather and 
Cl imate  M o d i f i c a t i o n ,  Wil ly  and Sons,  New York, 632-686. 
Wi l l i ams ,  J. ( 1 9 7 7 ) ,  The U s e  o f  Numerical Models i n  S t u d y i n g  
C l i m a t i c  Change, i n  J. G r i b b i n ,  e d . ,  C l i m a t i c  Change, 
Cambridge U n i v e r s i t y  P r e s s ,  Cambridge, U K ,  i n  p r e s s .  
Wi l l i ams ,  J . ,  G. Kromer and A. G i l c h r i s t  ( 1 9 7 7 ) ,  Fur ther  S t u d i e s  
o f  t h e  Impact o f  Waste Heat Re lease  on S imulated  Global  
C l imate :  P a r t  I ,  MI-77-1 5 ,  I n t e r n a t i o n a l  I n s t i t u t e  f o r  
Appl ied  Systems A n a l y s i s ,  Laxenburg, A u s t r i a .  
